This paper demonstrates an efficient modelling method for artificial materials using digital filtering (DF) techniques. To demonstrate the efficiency of the DF technique it is applied to an electromagnetic bandgap (EBG) structure and a capacitively-loaded loop the so-called, CLL-based metamaterial. Firstly, this paper describes fine mesh simulations, in which a very small cell size (0.1 × 0.1 × 0.1 mm 3 ) is used to model the details of an element of the structures to calculate the scattering parameters. Secondly, the scattering parameters are approximated with Padé forms and then factorised. Finally the factorised Padé forms are converted from the frequency domain to the time domain. As a result, the initial features in the fine meshes are effectively embedded into a numerical simulation with the DF boundary, in which the use of a coarse mesh is feasible (1,000 times larger in the EBG structure simulation and 680 times larger in the metamaterial simulation in terms of the volumes). By employing the coarse mesh and removal of the dielectric material calculations, the heavy computational burden required for the fine mesh simulations is mitigated and a fast, efficient and accurate modelling method for the artificial materials is achieved. In the case of the EBG structure the calculation time is reduced from 3 hours to less than 1 minute. In addition, this paper describes an antenna simulation as a specific application example of the DF techniques in electromagnetic compatibility field. In this simulation, an electric field radiated from a dipole antenna is enhanced by the DF boundary which models an artificial magnetic conductor derived from the CLL-based metamaterial. As is shown in the antenna simulation, the DF techniques model efficiently and accurately large-scale configurations. key words: transmission-line modeling (TLM), digital filtering (DF) technique, electromagnetic bandgap (EBG) structure, metamaterial, antenna
Introduction
For the past decade significant developments in artificial materials have taken place making it possible to obtain materials with properties hitherto not available in nature and opening the door for researchers to develop new applications. Some examples of artificial materials are: electromagnetic band gap (EBG) structures that realise a stop band in specific frequency regions [1] , [2] ; metamaterials which possess negative dielectric and/or magnetic characteristic in certain frequency bands [3] - [7] . The fascinating features of these new materials are being continuously researched and improved (e.g. investigations of the frequency dependences [8] , realisation of multi-resonance frequencies [9] , [10] , and uses of nonlinear elements for dynamic control [11] , [12] ). Now the main interest in artificial structure research is being shifted to their applications. In [13] , [14] , for example, different patch sizes and forms are applied for the EBG structures placed on a metal plane so that the scattering pattern from that plane is transformed from the original one. One of the most popular application examples in the metamaterial studies is in cloaking objects. By means of either transforming the path along which the incident wave travels [15] or alternatively eliminating the total scattering parameters from the cloaking device [16] , the object placed inside the cloaking devices can be concealed. Regarding the applications in electromagnetic compatibility (EMC) field, one of the simplest examples is found in [17] , [18] , in which an EBG structure and a metamaterial are placed near antennas as an artificial magnetic conductor (AMC) to enhance the antenna gains.
However, the impact of such materials in electromagnetic design has not yet been fully exploited. A limiting factor in the wider study of such materials and their impact on EMC design is the difficulty in constructing suitable and efficient numerical models which can be used for 'what if' studies to evaluate designs in practical situations. By their nature, the geometrical details of such materials are much smaller than the wavelengths of interest. Therefore direct application of a numerical model would require significant computational resources and long simulation times. Electromagnetic simulations only require a tenth of a wavelength resolution but this is still much larger than that required to resolve the fine geometrical details of artificial materials. This is an example of a multi-scale problem which requires special techniques to embed the fine features into a coarse global mesh [19] . For example, if an EBG material is modelled using a resolution of 0.1 mm [20] , this cell size is capable of simulating waves up to 300 GHz, although most of stop bands are designed to be in the 10 GHz range. Therefore, such simulations are very time-consuming and in many practical cases impossible.
Here we address the inefficient modelling issue by using the digital filtering (DF) techniques described in [21] - [23] . To apply this method we first obtain the frequency dependent properties of a unit cell of the artificial materials under consideration and from this information derive the scattering parameters which are then converted to a time-domain procedure through the DF technique. This results in a very efficient algorithm which enables the use of large cell sizes and therefore significantly reduces calculation time. As exCopyright c 2010 The Institute of Electronics, Information and Communication Engineers amples to show its efficiency, the DF techniques are applied to produce models of an EBG structure and a metamaterial.
In addition, this paper demonstrates an antenna simulation to show a specific example of the DF technique used in a realistic EMC problem. In this simulation the metamaterial previously modelled is incorporated into the DF boundary. Since the metamaterial behaves as an AMC in the simulated frequency range, the DF boundary, deployed behind the dipole antenna, increases the radiated electric field. As with unit cell calculations of the artificial materials, the simulation can be effectively and accurately performed with a coarse mesh.
Analysis Method

Transmission Line Modelling Method
In this paper the TLM method is used to calculate the electromagnetic (EM) field. The TLM method [24] - [26] reduces the simulation space to a lumped circuit model, composed of capacitors and inductors. The lumped circuit model effectively and spatially discretises the problem into nodes or cells that may be replaced by their transmission line equivalents. Each cell has a number of ports and the situation for free space is illustrated in Fig. 1 . The inclusion of dielectric and/or magnetic material is accomplished through the addition of extra ports (stubs). In TLM, the procedure to obtain the EM field is composed of four steps: input of the initial condition, the scattering and connecting processes, and the EM field calculation. First, the initial condition is given and, second, the voltages scattered from the centre of cell are calculated from Eq. (1):
where S is scattering matrix and superscripts of V, r and i express the reflected and incident voltages, respectively. For free space modelling, each cell has 12 port voltages (
t where the subscript numbers correspond to those of Fig. 1 ) and the scattering matrix is: 
Third, the new incident voltages are obtained from the reflected voltages entering from neighbouring cells (connection). The second and third processes (scatter and connect) are repeated for as long as required. Finally, the EM field is derived from the incident voltages, using
In these equations E, Δl, H, I and Z denote the electric field, the edge length of the unit cell, the magnetic field, the current and the free-space impedance, respectively. The scattering matrix and EM field calculation for the cases of dielectric and magnetic materials are reported in [24] , [25] .
Digital Filtering Technique
The DF technique [21] - [23] is the method used to convert the frequency domain characteristics into the time domain. As a result, it is possible to incorporate frequency dependence in TLM. Furthermore, by using boundary conditions imposed by the derived DF, larger cell sizes may be used to model systems with sub-cell sized features.
To incorporate the DF technique into the TLM method, first of all, it is assumed that the frequency dependent reflection and transmission coefficients may be approximated by a Padé form:
where s is the complex frequency, NP is number of poles and the a and b coefficients are real. This equation may be factorised to yield
where s p and s z respectively express poles and zeros.
To convert this response from the frequency domain to the time domain the bilinear Z-transform is applied to Eq. (5). For instance, (s − s zi ) is transformed to
where
Applying the bilinear Z-transform to Eq. (5) gives
After some manipulations we obtain
Supposing F(z) represents a reflection function, i.e.
then after some algebra, suppressing the k indices, the incident voltage is put in the form
From Eqs. (10) to (13), by using X and v r of previous time step, the frequency dependence may be represented in the time domain. The signal-flow diagram to describe Eqs. (11) and (12) is shown in Fig. 2 .
Simulation Results
Materials
As examples of the application of the DF technique, an EBG structure (Fig. 3) and a metamaterial having capacitivelyloaded loop units (CLL-based metamaterial, Fig. 4 ) are simulated. While the geometries of the simulated structures are from [18] , [20] , some details are modified here. As is shown in Fig. 3 , the EBG structure is composed of a top plate and a bottom plate both connected by a via. The air gap between the two metal plates is filled with a substrate with a complex relative permittivityε r = 2.2 · (1.0+ j0.0). The square patch size (w × w) is 4.0 × 4.0 mm 2 and the diameter of the via, d, was set to be 0.8 mm. Other parameters, t, h and g, are 0.1, 1.5 and 0.2 mm, respectively (each symbol corresponds to those in Fig. 3 ). The parameter details are summarised in Table 1 .
The CLL-based metamaterial simulated is composed of metal parts and a dielectric substrate, as is detailed in Fig. 4 . The length of each metal part is L = 2.5 mm, S = 1.2 mm, T = 0.5 mm, U = 1.7 mm, and W = 4.1 mm. g and t s are respectively 0.5 and 0.8 mm and the thickness of the CLL Fig. 3 The simulated EBG structure unit. Fig. 4 The simulated CLL-based metamaterial unit.
Table 1
The details of the simulated EBG structure. metals t m is set to be infinitesimally thin. Each symbol used here corresponds to those in Fig. 4 . The dielectric substrate has a complex relative permittivity of ε r = 2.2 and tan δ e = 0.00090 where tan δ e = σ e /ω 0 ε r ε 0 , σ e is conductivity, ω 0 =2π·10·10 9 , and ε 0 is permittivity of vacuum. The parameter details are summarised in Table 2 .
Simulation Results
To begin with, the reflection coefficient for a single element of the artificial material is calculated using a fine mesh and the result is converted into the Padé forms to obtain each coefficient of Eq. (4). The fine mesh used to model the EBG structure shown in Fig. 3 and the CLL-based metamaterial shown in Fig. 4 is both comprised of cells of size 0.1 × 0.1 × 0.1 mm 3 . In both the simulations, an observation plane to sample the reflected wave is placed 40 cells away from the top surface of each structure and, at the plane of another one cell above the observation plane, a Gaussian pulse is excited along the positive direction of the z axis. The polarisations of the incident waves in each model correspond to the notations illustrated in Figs. 3 and 4 . There is a further 2-cell gap between the excitation plane and the top xy boundary. The boundary conditions on the xy plane are perfectly matched and all other planes have a periodic boundary condition so that each structure is assumed to belong to infinite array on the bottom xy plane.
In Fig. 5 , the complex reflection coefficient of the EBG structure element is compared with that approximated with 
Fig. 6
The scattering parameter comparison of the EBG structure between the fine mesh and the coarse mesh simulations.
Padé form, using two poles. In Table 3 , the coefficients used for the Padé form approximation are summarised. From Fig. 5 and Table 3 , it is confirmed that in using the two poles, the reflection coefficient obtained from the fine-mesh is accurately described by the Padé approximation. Next, the reflection coefficient obtained by the DF technique and that of the fine mesh are compared. First, the result of Fig. 5 is factorised and second, A , B 0 , and B of Eqs. (11) and (13) are calculated to decide the boundary condition of the DF. In this calculation, the cell size using the DF implementation is set to 1.0 × 1.0 × 1.0 mm 3 , which is 10 times larger than that of the initial simulation (the fine mesh simulation), yielding a reduction by a factor of a 1,000 in the number of cells used to describe the original problem. Nevertheless this cell size is still small enough to simulate the frequency range of interest (around 9 GHz) in which the simulated EBG structure behaves as an artificial magnetic conductor. The comparison result is shown in Fig. 6 .
As a result of the application of the DF technique, it is found from Fig. 6 that, when the coarse mesh is used with the DF simulation, the reflection coefficient shows a close agreement with that of the fine mesh. In addition, increasing the cell volume by a factor of a 1,000 means that the simulation to model the EBG structure can be implemented at a fraction of the computational cost of the fine-mesh simulation.
The improvement of the calculation efficiency by the DF implementation can be confirmed from Table 4 where the details of both the simulations are summarised. From this table it is found that the simulated area of the xy plane in the coarse mesh was slightly bigger than that in the fine mesh, although the length along the z axis is far longer due to that 40 cells needed to be placed between the DF and the observation plane to avoid the evanescent region. However, the calculation time was improved from 3 hours to less than 1 minute. This is primarily because the total number of the simulated cells was reduced by the use of the coarser mesh. In addition, the reduction in the calculation time can also be accounted in part by the removal of the EM field calculation for the dielectric substrate, which makes the calculation slower than that for the free space. Furthermore, from the viewpoint of not only the calculation time, but also of the computer memory requirements, this method is very efficient as the total numbers of the simulated cells are reduced from 116,160 to 1,100. These facts confirm the efficiency of the DF technique in modelling artificial materials. Similarly with the processes used for the EBG structure, the DF technique was applied for the CLL-based metamaterial but in this case both the polarisations need to be considered, since it has an asymmetrical design in respect of the x polarisation and y polarisation. Using coefficients represented in Tables 5 and 6 for the x and y polarisations, respectively, close agreements between the fine mesh results and the Padé forms were obtained (not shown here). Furthermore, the agreement was maintained even in both the coarse mesh simulations, as is found from Figs. 7 and 8. In the coarse mesh solutions, the cell size was set to 0.88 × 0.88 × 0.88 mm 3 , which is 8.8 times that of the fine mesh, resulting in the use of the volume approximately 680 times larger than that of the fine mesh. Again, the CLL-based metamaterial has effectively been modelled with the coarse mesh as well as the EBG structure.
In the above simulations the unit cell sizes of the coarse mesh simulations for the EBG structure and the CLLbased metamaterial were respectively set to 1.0×1.0×1.0 and 0.88×0.88×0.88 mm 3 . As long as the coarse mesh is finer than λ/10 then basic accuracy is maintained. The important factors affecting overall accuracies here are the approximations by the Padé form and the factorised Padé form, i.e. as long as these forms are in good agreement with the fine mesh results, the original properties obtained in the fine mesh simulations are maintained.
Dipole Antenna Near a Metamaterial
This section demonstrates an antenna simulation to show that the DF technique is applicable in realistic EMC problems. In this simulation a dipole antenna is placed close to a DF boundary representing the CLL-based metamaterial simulated above. Since the CLL-based metamaterial has the reflection coefficient of nearly (1.0 + j0.0) like a perfect magnetic conductor (PMC), the DF boundary behaves as an AMC so that the electric field radiated from the antenna is enhanced at the front side.
The analysis conditions including the simulated model are summarised in Fig. 9 . The dipole antenna was located at the centre of the TLM unit cells of 0.88 × 0.88 × 0.88 mm 3 along the y axis. The radius of the cylindrical dipole antenna was set to 0.1 mm and the total length was set to 11-cell long (9.68 mm). All parts of the antenna were composed of the metal without conductive loss except for the centre cell which contained a 50 Ω resistor. The modelling method for the cylindrical dipole antenna was described in [27] , [28] . The DF boundary was placed behind the antenna at various distances d (0.34, 1.22, or 2.10 mm corresponding to the lengths of half, 1.5, or 2.5 cells subtracted by the radius, respectively). The observation cell to sample the electric field was 40 cells from the antenna.
The simulation results are illustrated in Figs. 10 and 11, in which the magnitudes of the electric fields were divided by those obtained using the matched condition and the perfect electrical conductor (PEC), respectively, instead of the DF boundary. It is found from Fig. 10 that the ratio of the electric field before and after replacing the DF boundary Fig. 11 The comparison of the electric field obtained with the DF and the PEC boundaries having various gaps between the dipole antenna and the DF boundary. The electric field when the DF boundary was deployed behind the antenna was divided by that obtained in the PEC case.
with the matched condition is improved in the lower part of the calculated frequency range due to the AMC-like response confirmed in Fig. 8 . In addition, a similar improvement is shown in Fig. 11 , where the electric field enhancement of the metamaterial layer is compared with a PEC layer. In these simulations, similar to the above CLL-based metamaterial, this calculation method is also even more efficient than the conventional fine mesh simulation due to the use of the approximately 680 times larger cell volume. These confirm that the DF can be used as an efficient technique in modelling large scale problems in EMC.
Conclusion
In this paper, an efficient modelling method for artificial materials was presented through the application of the DF techniques in a TLM simulation. It was shown that the reflection coefficient in the simulated EBG structure can be accurately represented. This result was then used to obtain the constants required to embed the DF boundary into the coarse mesh TLM. The comparison of the fine-mesh simulation of the EBG element with the coarse-mesh simulation supplemented by the DF boundary showed very close agreement but in the latter case at a fraction of the computational cost. Next the DF technique was applied for the CLL-based metamaterial. Again, the close agreement between the fine mesh and the coarse mesh solutions was confirmed in both the x and y polarisations. Finally the DF boundary incorporating the properties of the CLL-based metamaterial was used in an antenna simulation to offer a practical application example in EMC field. Due to the AMC-like behaviour of the CLL-based metamaterial the radiated electric field from the antenna was improved in parts of the simulated frequency region. It has been demonstrated in this paper that these efficient models can be used in large-scale EMC simulations which are capable of describing the complex behaviour of the artificial materials in a coarse mesh. Future studies of the DF techniques include the application to more realistic and more complex situations, in which, for example, different kinds of artificial materials are deployed. 
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